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Introduction
Consumer products based on polymers are produced in large quantities to fulfill the needs of modern society. Automotive, shipbuilding, textiles, electronic devices, food packing, healthcare, etc, are examples of industrial areas that use polymeric resins derived from natural or synthetic sources on the manufacture of products with specific properties. Most applications use conventional commodity and engineering thermoplastics. However, polymers produced from natural resources and biodegradable plastics are gaining increasing interest, not only in biomedical applications but also in packing and consumer products [1] [2] [3] . Among these types of polymers, Poly (3-hydroxybutyrate) (PHB) is a very promising material, a semi-crystalline thermoplastic polymer that is biodegradable and biocompatible, and is obtained from renewable resources (mainly sugar cane) by biotechnological processes of low environmental impact [4] [5] [6] [7] . Ongoing research, intended on establishing PHB's properties and optimize its processing conditions, are reported in the literature with an expectation of extending the range of its application. One of the major problems with PHB is its high crystallinity that allied with a relatively high glass transition temperature, results in a very fragile material. This fact is an important limitation to the practical use of PHB. Material properties of semi-crystalline polymers are controlled by molecular and supra-molecular structures that are frequently determined by the crystallization mechanisms. Consequently, the study of crystallization and melting behavior is critical to understand and control material properties and the processing required to obtain them [8] [9] [10] [11] [12] [13] [14] [15] . An experimental program was developed in order to understand the effect of thermal cycles on the phase transitions of the polymer. In this work the crystallization and melting phenomena in PHB was investigated by differential scanning calorimeter (DSC), applying thermal cycles of heating/cooling/reheating at rates ranging from 2.5 °C/min to 20 °C/min. DSC tests revealed that PHB may be crystallized from molten state, phenomenon known as melt crystallization, as well from the rubbery amorphous solid state, phenomenon known as cold crystallization. The characteristic phase change temperatures and temperature intervals, the rate of phase change, and the amount of each phase involved in the change were determined in terms of the cooling and heating rates.
Experimental

Materials
The poly(3-hydoxybutyrate) (PHB) polymer, actually a random copolymer with approximately 4% 3-hydoxyvalerate units, was supplied by PHB Industrial SA (Brazil). Thermal transition temperatures of PHB are presented in Table 1 . Melt crystallization (T C ) and melting peak (T MP ) temperatures were estimated during cooling and reheating, respectively, according to ASTM D-3418; values reported were obtained at cooling/heating rate of 10 o C/min. The molecular mass distribution was obtained with a Viscotek HT-GPC Module 350A GPC at 40°C, with a refractive index detector. The material was dissolved in chloroform and the filtered solution was injected into the equipment. Solvent flow rate was 1 mL/min and the columns were calibrated with narrow molecular weight polystyrenes. The molecular mass distribution curve of PHB is shown in Figure 1 . From these data the number-average molar mass M N = 52 kg/mol and the polydispersity index M W /M N = 2.66 were estimated.
Methods
Differential scanning calorimetry (DSC) measurements
Thermal analysis was performed in a Shimadzu DSC-60 differential scanning calorimeter, under a nitrogen flow of 50 mL/min to minimize oxidative degradation to which the PHB is prone [8, 16] . Samples of approximately 5 mg were wrapped with aluminum foil to minimize the effect of the polymer thermal conductivity, which may cause differential broadening and shifting of peak positions [17] . A new specimen was used for each run. A blank curve was obtained for each heating/cooling/reheating stage to ensure that no contamination of the instrument had taken place. A thermal cycle in four stages was used: (1) heating from room temperature (approximately 30°C) to 195°C (first heating stage); (2) at this temperature the samples were held a constant temperature for 3 min to eliminate any residual crystallinity and erase previous thermal history; (3) after which the melt was cooled to −10°C (cooling stage), and then (4) reheated to 195°C (second heating or reheating stage). Tests were run at constant rates of heating and cooling of 2.5, 5, 7.5, 10, 15, and 20°C/min. Figure 2 shows typical DSC output with the indicated cycles. Four thermal events were identified in most DSC tests, namely, melting during the first heating stage (F 1 ), melt crystallization during cooling (C 1 ), cold crystallization during reheating (C 2 ), and, finally, a second melting event (F 2 ).
For each thermal event, the starting and end points of departure from the underlying baseline were visually established in a plot of energy flow (J) versus time (t). The fractional crystallization (or melting) x for the event was computed as a function of time by integration:
where t 1 and t 2 were the initial and final times, J 0 is the virtual baseline during the event (straight in the present case), and E 0 is the total latent heat of phase change:
The rate of phase change (crystallization or melting) c is simply:
from which the peak (maximum) and average crystallization rates may be computed. The fractional crystallization/melting x and the rate of crystallization/fusion c may be expressed as functions of temperature (T), knowing the linear relationship between time and temperature during the event:
where T 1 is the sample temperature at the starting point t 1 , and φ is the (constant) rate of heating or cooling during the event. The specific latent heat of crystallization or melting (or enthalpy, since the phase change occurs at constant pressure) is computed from E 0 , polymer fraction w P , and the sample mass m S : The mass crystallinity change X during the event is estimated taking into account the heat of fusion of PHB 100% crystalline ∆H°m:
The value ∆H°M = 146 J/g at the equilibrium melting temperature T °M = 185°C was reported in the literature [18] .
Heating and cooling rates
In heat flow DSC instruments the nominal heating and cooling rates are, at best, aproximations to the rates of change of the reference temperature. True heating and cooling rates were computed from the sample temperature output of the DSC as:
where φ is the rate at time ti; Ti−1, Ti+1 are the temperatures at times ti − ∆t and ti + ∆t, and ∆t = 1 s is time interval between measurements. True heating/cooling rates computed for the temperature intervals of the second fusion (heating) and melt crystallization (cooling) and presented in Table 2 , along with their 95% confidence intervals. The deviations (σ ) correspond to the RMS average point-to-point variation.
Part of this variation may be attributed to 'numerical noise' introduced during the commutation of φ. Figure 3 shows typical plots. Average real heating and cooling rates were found to be 2 to 4% lower than the nominal values. Considering that typical uncertainties in DSC measurements are of the order of 5%, the discrepancies found between nominal and 'true' heating/cooling rates are not a serious problem [19] .
Results and Discussion
DSC measurements
The DSC scans for heating, cooling and reheating stages, obtained according to the experimental procedure described above, are shown in Figure 4 . Figure 4a presents the endotherms corresponding to the first melting of PHB, which takes place as double melting peaks, and may be affected by the injection molding process to which specimens were submitted. Figure 4b shows a crystallization event during cooling from the melt, in the form of broad peaks, particularly at low cooling rates. In addition to the second melting endotherms, Figure 4c shows a previous cold crystallization event (the exothermic peak) at all but the slowest heating/cooling rate (2.5 °C/min).
Thus, under experimental conditions tested the first melting occurs as double melting peaks (a major peak, followed of a minor peak at higher temperature) and the second fusion is visualized as a single complex peak (with a shoulder -hidden peak -at a lower temperature). The crystallization occurs partially during the cooling stage (from the melt) and partially during the reheating stage (as cold crystallization). The relative areas of melt and cold crystallization peaks (related to the amount crystallized) depend on the rate during the cooling stage. No cold crystallization was detected at rates below 5°C/min (see Table 3 ); it is probable that during cooling stage at φ < 5 °C/min the all crystallizable polymer effectively crystallized from the melt. 
Crystallization analysis
Fractional crystallization versus time plots are presented in Figure 5 for the cooling/reheating rates tested, and some thermodynamic and kinetic parameters of both melt and cold crystallization are presented in Table 2 .
The crystallization curves show the sigmoid shape characteristic of phase transformation processes in polymers. Macroscopic crystallization in polymers starts at very low rates due to the first, slow nucleation step; crystallization rate increases during the main or bulk crystallization and then decreases as the material is depleted of crystallizable molecules and due to spherulitic impingement [20] [21] [22] . Most crystallization parameters are strongly dependent on the cooling/reheating rate, and the dependence is different for the melt and cold crystallization processes. The crystallization temperature increases with the heating rate for the cold crystallization, while the opposite trend is observed for crystallization from the molten state. Moreover, cold crystallization is significantly faster than melt crystallization (notice the different time scale in Figures 5b and 5c ). Figure 5 and Table 3 evidence differences in phase transformation processes for cold crystallization (amorphous solid → crystalline solid) and melt crystallization (fluid → crystalline solid). Figure 6 shows graphically some of these trends. Table 4 compares the crystallinity change determined during the cooling ∆Xc (C1) and reheating ∆Xc (C2) stages, as well as the total crystallinity change ∆Xc = ∆Xc (C1) + ∆Xc (C2). The fraction of crystallizable polymer that crystallizes in each stage is a strong function of the cooling/heating rate. Figure 7 shows these results in graphical form.
Results presented in
The macroscopic trends revealed are consistent with moderately fast crystallization kinetics, overrun on cooling: it appears that at the faster cooling rates the material doesn't have enough time to complete crystallization before molecular motions slow down at low temperatures. Considerations of the microstructure implication of these trends require a microkinetic study [23] [24] [25] [26] beyond the scope of this paper. However, the results presented in Tables 3, 4 and Figures 6, 7 suggest that controlling the cooling/heating rate may result in crystals grown at different temperature intervals, perhaps with different stabilities and microstructures. From the literature it is known that the microstructure (the size and perfection of the crystalline entities), as well as the ratio of crystalline/amorphous phases, have direct influence on the properties of polymeric materials [20, [27] [28] [29] .
Melting analysis
A complex peak structure was observed for the second melting event: a major peak preceded (and sometimes succeeded) by minor peaks that may be reduced to "shoulders" (hidden peaks) on the main peak. Multiple melting peaks may be attributed to the melting of different types of crystals, with different sizes and thermal stabilities. Specifically, small and less perfect crystals melt at lower temperature than the larger and more perfect ones. Multiple melting peaks observed by DSC are a rather common feature for many semi crystalline polymers, including polyesters. Multiple peaks may be attributed also to the existence of different crystal modifications, or to melting-recrystallization processes occurring during the DSC scan [26, [30] [31] [32] [33] .
From DSC scans of Figure 4 , the molten fraction x F for the second fusion (F 2 ) during the reheating stage was computed by integration of the endothermic peaks. Figure 8 shows the plots of molten fraction as a function of time and temperature. Melting curves are also sigmoid; however, imperfect probably due to deformations caused the secondary peaks and shoulders observed in Figure 4c . Table 5 presents some parameters determined during second melting event of the PHB, including the melting peak temperature Tmp and the temperature for 99% completion of melting Tm (which may be considered the true observed melting point of the resin, according to literature [34] the temperature interval for the melting process ∆Tm, the latent heat of melting per unit mass ∆Hm, and the crystallinity (∆Xc). Two measures of the kinetics of melting are included: the maximum melting rate cmax (the melting rate at the peak temperature) and the half-melting time τ½ (the time required to melt one-half of the polymer that melts, which is inversely proportional to average melting rate between x F = 0 and x F = 0.5).
A moderate increase of the melting temperature with the heating rate was observed, especially for the higher heating rates, and -consistently with the previous observations -a significant, almost linear, increase of the rate of fusion with increasing heating rate. Figure 9 shows these results in graphical form. The data in Tables 4 and 5 show that the total amount of crystallinity developed during the cooling/reheating cycles decreases at high cooling/heating rates (φnom > 7.5°C/min). 
Conclusions
This paper presents a methodological procedure to study nonisothermal crystallization and melting phenomena in PHB by differential scanning calorimetry. The crystallization and melting behavior of PHB is strongly affected by the rates of cooling and heating. Increasing the cooling rate decreases the melt crystallization temperature and the amount of polymer that crystallizes from the molten state, and increases the rate of crystallization and the amount of polymer that cold crystallizes upon reheating. Increasing the reheating rate increases the cold crystallization temperature and the rate of crystallization from the amorphous solid phase, the total crystallinity developed is also affected, decreasing at high rates of cooling/heating within the interval studied. These findings suggest that the crystallinity of PHB may be controlled by the thermal cycles of heating and cooling to which the material is subjected. 
